Interferon inducible protein kinase PKR is a component of innate immunity and mediates antiviral actions by recognizing pathogen associated molecular patterns (PAMPs). A well-known activator of PKR is long dsRNA, which can be produced during viral replication. Our recent results indicate that PKR can also be activated by short stem-loop RNA in a 5′-triphosphate-dependent fashion. A 5′-triphosphate is present primarily in foreign RNAs such as viral and bacterial transcripts, while a nonactivating 5′-cap or 5′-monophosphate is present in most cellular RNAs. Recent studies indicate that internal RNA modifications and non-Watson-Crick motifs also repress PKR activation, and do so in an RNA structure-specific fashion. Interestingly, self-RNAs have more nucleoside modifications than non-self RNAs. Internal and 5′-end RNA modifications have repressive effects on other innate immune sensors as well, including TLR3, TLR7, TLR8, and RIG-I, suggesting that nucleoside modifications suppress innate immunity on a wide scale.
and inhibition of translation initiation. 17 We have recently found that short stem-loop (sSL) RNAs activate PKR in a 5′-triphosphate-dependent fashion and that such activation is largely abrogated by many natural modifications in RNA. 18 , 19 These studies demonstrate that nucleoside modifications regulate PKR in an RNA structure-specific manner. In this article, we focus on PKR's role in innate immunity, however it should be noted that PKR has also been implicated in numerous other cellular roles including regulating signal transduction and transcription, and controlling tumorigenesis and neurodegenerative diseases.20
5′-TRIPHOSPHATE OF RNA COMPRISES A PKR PAMP
Early studies used poly I:C as a model dsRNA to examine the enzymatic activity of PKR. 21, 22 Later analyses revealed that PKR is able to bind non-sequence specifically to dsRNA as short as 11 bp, with at least 33 bp required for activation. 16 In addition to dsRNA, PKR activators include polyanionic molecules, several cellular proteins, and other cellular RNAs. 20 In a search for novel activators, we identified a short dsRNA with single-stranded tails, the 'ss-dsRNA' motif, which activates PKR, with the length of the tail providing a critical determinant. 23 This motif has an imperfect stem of 16 bp and is flanked by single-stranded tails. These RNAs were prepared by in vitro transcription, which provided a 5′-triphosphate. This raised the question of whether the 5′-triphosphate plays a role in PKR activation.
We tested the importance of the 5′-triphosphate in in vitro-transcribed ss-dsRNA by treating appropriate transcripts (tails of at least 9 nt) with calf intestinal phosphatase (CIP), which remove the 5′-triphosphate. Remarkably, CIP treatment of these ss-dsRNAs led to abrogation of PKR activation both in vitro and in cells. Chemically synthesized 5′-hydroxyl containing ss-dsRNA also showed no activation of PKR. Unlike ss-dsRNA, perfect dsRNA was found to not have a dependence on 5′-triphosphate, providing the first indication that modifications of RNA affect activation of PKR in an RNA structure-specific fashion. In parallel with the ssdsRNA motif, transcripts of 47 and 110 nt with minimal secondary structures also revealed a dependence on 5′-triphosphate.
Cellular primary RNA transcripts have a 5′-triphosphate, but most processed self-RNAs do not. For example, pol I-transcripts (e.g. rRNAs) are processed to 5′-monophosphates, pol IItranscribed mRNAs to 7-methyl G caps, and pol III-transcribed tRNAs to 5′-monophosphates. 24 In contrast to cellular RNAs, many mature viral and bacterial RNAs contain triphosphates at their 5′-end. We found that 5′-monophosphate, -diphosphate, and -7-methyl guanosine capcontaining ssRNA-47 and ssRNA-110 RNAs do not activate PKR, further implicating the 5′-triphosphate as the key 5′-end functional group in ssRNA needed to activate PKR.
It has been reported that RIG-I, an essential cytosolic viral RNA sensor, recognizes the 5′-triphosphate of RNA to induce interferon production as well. 25, 26 Cell line experiments showed that RIG-I signaling is not required for 5′-triphosphate-ssRNA activation of PKR, indicating that there are two strategies for recognizing a 5′-triphosphate.18 Similar to PKR displaying no 5′-triphosphate dependence for dsRNA, RIG-I can be activated in vitro by poly I:C, which contains little or no 5′-triphosphate, albeit weakly.27 -29 This suggests that both PKR and RIG-I can be activated by 5′-triphosphate-ssRNAs and 5′-OH dsRNAs, although the molecular basis is likely to be different since PKR and RIG-I are not homologous (R. Toroney and P. C. Bevilacqua, unpublished observation).
Despite differences in sequence and structure of PKR and RIG-I, it is not surprising that these proteins recognize the same ligand. In the case of PKR, the catalytic ATP binds in the kinase domain through direct contacts of the phosphates with lysine residues, as well as through direct and water-mediated contacts of the two triphosphate-bound Mg 2+ ions with acidic residues (unpublished observation). These interactions are common to the ATP binding sites of other protein kinases, polymerases, and restriction endonucleases. 30, 31 The electrostatic nature of these contacts suggests the possibility that binding of the 5′-triphosphate-Mg 2+ complex may be achieved through a similar mixture of basic and acidic residues. Because both PKR and RIG-I contain ATP-binding sites, it is reasonable to suggest that these two proteins could bind a 5′-triphosphate in a chemically similar manner despite the overall lack of sequence and structural homology, although this may not hold.
INTERNAL RNA MODIFICATIONS DISGUISE SELF RNA
If some model structured RNAs activate PKR, then one might ask why structured self-RNAs, abundantly available in the host cell, do not activate PKR. One possibility is that cellular RNAs encode information to avoid activating PKR. If so, one mechanism by which self-RNA might avoid activating PKR is through nucleoside modifications. RNAs are modified posttranscriptionally as part of their maturation process. To date, over 100 naturally occurring modified nucleosides have been identified.32 ,33 Most of the modifications involve methylation of the nucleobase or 2′-O-methyl formation in the ribose. The heaviest modified RNAs are tRNAs. In addition, mammalian rRNAs contain more modifications than bacterial rRNA. Mammalian mRNAs possess 5-methylcytidine, 6-methyladenosine (m6A), inosine, 2′-Omethyl ribose, and a 5′-terminal cap structure of 7-methylguanosine, while bacterial mRNAs contain no nucleoside modifications. Some viral RNAs such as adenovirus, herpes simplex virus, influenza, respiratory syncytial virus, and simian virus have been shown to contain modifications, but it is not clear at present what roles these modifications play in viruses. 5 In a recent report, we described the effects of RNA modifications on PKR activation. 19 Systematic analysis was performed on the effects of naturally occurring nucleobase, sugar, and phosphodiester modifications on activation of PKR by ssRNA-47 and dsRNA-47. In addition, effects of GU wobble base pairing on PKR activation were examined. Modifications were incorporated by replacing the unmodified NTP with the corresponding modified NTP in the T7 transcription reaction. Modified nucleosides used in the study are provided in Figure 1 and effects of the modifications are summarized in Table 1 . Effects of the nucleoside modifications in 5′-triphosphate-containing ssRNA-47 on PKR were analyzed. Our results indicate that minor grove modified nucleosides (s2U and 2′-dU), major grove modified nucleosides (s4U, Ψ, m5U, I5U, and m6A), and Watson-Crick base-pairing-modified nucleosides (s2U, and s4U) abrogate activation of PKR in ssRNA-47. Remarkably, ssRNA-47 with the minor groove-modifying nucleoside 2′FU, retains the ability to activate PKR ( Table 1 ). The opposing effects of 2′-FU and 2′-dU in ssRNA-47 support a role for hydrogen bonding between PKR and the ribose portion of ssRNA. Further mechanistic and structural studies are needed to understand the molecular basis of PKR regulation by modified ssRNA.
When we tested the same modifications in dsRNA (with 47 bp), a striking difference was observed for some modifications. Modifications to the minor groove (s2U, 2′-dU and 2′FU) and Watson-Crick base pairing face (s2U and s4U) in dsRNA led to similar effects on PKR activation as in ssRNA-47. However, modifications to the major groove, which abrogated PKR activation by ssRNA, had either no effect on activation by dsRNA (m5U and m6A), or just a slight effect (Ψ-and I5U). 19 Overall, we conclude that internal nucleoside modifications, like 5′-end specific modifications, modulate PKR activation in an RNA structure-specific context.
Observation that dsRNA substituted with 2′-dU does not activate PKR, while dsRNA substituted with 2′-FU does is consistent with a crystal structure of a dsRNA-dsRBM complex, 34 which showed that RNA-protein interactions are primarily through water-bridged interactions to 2′-OHs present in the minor groove of dsRNA. This suggests that 2′-FUsubstituted dsRNA activates PKR by maintaining a water-bridged hydrogen bonding network.
Abrogation of PKR activation by modified ssRNA and dsRNA is not due to an inability to bind, as our results show that modified RNAs bind PKR with approximately equal affinity as unmodified RNA. In fact, non-activator modified dsRNAs act as potent inhibitors of PKR. 19 This suggests a nonequivalence of binding to and activation of PKR by modified RNAs. Similar behavior has been observed by Kawahara et. al. in that unmodified and edited pre-miR-151 both bind tightly to Dicer-TRBP, but only unedited RNA is cleaved. 35 We also examined activation of PKR by dsRNA with GU wobble base pairs, which are building blocks in RNA structure that have been found in virtually every class of functional RNA. Moderate levels of GU wobble insertion abrogated PKR activation, suggesting that wobble base pairing may also serve to discriminate self-RNA and pathogenic RNA. GU wobble base pairs embedded within A-form RNA helices make the major groove wide and shallow, offering a possible structural basis for this effect. 36, 37 Interestingly, IU base pairs, which occur through editing of AU to IU in dsRNA by ADAR enzymes, also result in GU-like wobbled structures.
We conclude the portion of this article specifically on PKR by noting that it is likely that other mechanisms besides molecular signals encoded in the RNA itself serve to assist PKR in accurately discriminating between self and non-self RNA. One possibility is that RNA-binding proteins compete with PKR for cellular RNA. It appears that the vast majority of cellular RNAs are protein-bound.38 For example, the canonical RNA-recognition motif (RRM), is a common motif found in ssRNA-binding proteins such as nucleolin, a nuclear protein that binds prerRNA, and p14, a component of the spliceosome. Endogenous dsRNAs, such as miRNAs and their precursurs, are bound by other dsRBD-containing proteins such as ADARs and Dicer, presumably inhibiting binding by PKR. 39 Much of the RNA in the cell is even bound by multiple proteins, such as rRNA in the ribosome and mRNA in the messenger ribonucleoprotein particle (mRNP), an RNA-protein complex which consists of numerous proteins that accompany the RNA from the nucleus out to the cytoplasm. 40 As PKR is found in the nucleus as well as the cytoplasm,41 binding of RNAs by these and other proteins may be an essential checkpoint in preventing PKR activation by self-RNA.
COMPARISON OF EFFECTS OF RNA MODIFICATIONS: PKR, TLRs, AND RIG-I
Recently Kariko and colleagues 42 showed that monocyte-derived dendritic cells transfected with human mitochondrial RNA, which has just one modification, secreted TNF-α (a proinflammatory cytokine secreted as part of the RNA-sensing TLR-initiated immune response) 43 , 44 at similar levels as cells transfected with total RNA obtained from E. coli. In contrast, transfections with RNAs from other compartments of the cell, which tend to have more modifications, showed little or no production of TNF-α. The authors concluded that mammalian self-RNA might be masked by naturally occurring nucleoside modifications.
To understand the effect of nucleoside modifications on TLRs, they conducted experiments on in vitro-transcribed modified RNAs in HEK293 cells overexpressing TLR3, TLR7, and TLR8, measuring IL-8 production. Interestingly, production of IL-8 was suppressed by several different types of modified nucleotides. In parallel, Hornung et. al. 26 showed that 5′-triphosphate-dependent activation of RIG-I is suppressed by certain nucleoside modifications, namely Ψ, s2U, and 2′-O-Me-U. Pseudouridine and s2U also suppress PKR, as does introduction of 2′-dU (2′-O-Me-U was not tested with PKR). The effects of other nucleoside modifications on RIG-I activation remain to be tested and compared to PKR.
In general, the finding that stimulation of innate immunity is suppressed by RNA modifications is similar to that observed with PKR. 19, 26, 42 Nonetheless, it is quite likely that the molecular basis for the effects is different with each protein since TLRs and RIG-I do not have dsRBMs and in general have little sequence homology. Interestingly, TLR3, TLR7, and TLR8 are present in the endosomal membrane, with RIG-I and PKR primarily in the cytosol. TLR3 is also expressed on the surface of cells. Taken together, these studies suggest that introduction of modifications into siRNA that serve to mimic self-RNA may avoid unwanted immunostimulatory effects,19 , 26 , 42 ,45 while introduction of modifications such as 2′-FU may lead to immunostimulation (isRNAs), which may be desirable in some applications. 11, 46 In addition, these data suggest that incorporation of certain modifications into RNA may produce better immunotherapy with RNA-based vaccines or an RNA-based adjuvant.
CONCLUDING REMARKS
A major issue in innate immunity is the specific recognition of molecular signals emanating from pathogens. Some of these signals are encoded in RNA. Primary transcripts with a 5′-triphosphate and no internal modifications activate an immune response. These features are disguised in most endogenous transcripts through 5′-end modifications and internal modifications and non-Watson-Crick motifs. A series of RNA sensors exist in the innate immune system that discriminate self and non-self RNA on the basis of nucleoside modifications at 5′-end and internal regions of the RNA, although the molecular basis is likely to be different for each sensor. It appears that endosomal and cytosolic viral recognition pathways complement each other. Further discovery and characterization of RNA PAMPs will aid in understanding innate immunity and thereby provide the opportunity to make new and better RNA-based therapeutics.
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ABBREVIATIONS
a The details of the modifications employed in the study can be found in ref. 19 b With the exception of '2-FU', minor groove modifications abrogate PKR activation by both ssRNA-47 and dsRNA-47.
c Major groove modifications in ssRNA-47 abrogated PKR activation, with the exception of 'PS-U', whereas all major groove modifications in dsRNA-47 had virtually no effect with the exception of 's4U', which also perturbs the W-C face.
